ABSTRACT A microstructure analysis along the trench depth direction of Cu wires as a function of the purity of plating materials was carried out using electron backscattering diffraction (EBSD) analysis combined with advanced CMP technique. The Cu wire plated with high purity plating materials (6N-electrolyte and 8N-anode) was found to have 13% larger grains and 50% lower ratio of small grains (less than 45 nm) than those for the Cu wire plated with conventional purity plating materials (3N-electrolyte and 3N-anode) at the bottom region of the trench after annealing. A grain growth model in the trench depth direction was also investigated.
Introduction
Copper has been extensively used as the interconnect material for advanced ULSIs due to its low electrical resistivity and high stability against electro-migration comparing to aluminum. 1 The microstructures of copper interconnects, such as grain sizes, grain size distributions and textures, have a crucial influence on the resistivity and reliability, 24 especially on thin copper wires with width less than 100 nm. 5 For very thin Cu wires, electron scattering at grain boundary has significant importance. 6 Therefore, in order to achieve low resistivity, it is necessary to reduce grain boundaries by a uniform grain coarsening process.
The grain growth of Cu in very narrow trenches is mainly affected by the geometry, i.e. trench width and height, the annealing conditions and the quantity of impurities. 710 According to Harper et al., 11 impurities prefer to concentrate on the grain boundary and the grain growth is retarded by Zener pinning. Therefore, the grain growth can be optimized by reducing the density of the impurities. Thus, we focus our attention on the high purity plating process using high purity plating materials.
In our previous research, we found that the Cu wires fabricated by the process using 6N-electrolyte and 9N-anode* have more uniform and larger grain sizes than those fabricated by the process using 3N-electrolyte and 4N-anode, leading to much lower resistivity. 12 Furthermore, we found the reduction effect on Cu wire resistivity by the purity of electrolyte was much larger than that by the purity of anode. 13 However, above results did not clarify how the grain size distributions become uniform by using high purity plating materials.
Understanding how the purity of plating materials, i.e., electrolyte, affect the grain growth and orientations in the depth positions of Cu wires is crucial to realize Cu wires with more uniformly sized and coarser grains than the conventional process gives.
In this study, we have investigated grain size distributions and orientations in Cu wire trenches made with high purity and conventional purity plating materials as a function of trench depth by EBSD (electron backscattering diffraction). The Cu wire reduced to desired height by advanced CMP (chemical mechanical polishing) technique.
Experimental Procedure
Trenches with 80 nm width and 200 nm height were patterned into SiO 2 /Si film by electron beam lithography and reactive ion etching. An ultra-thin TaN/Ta (7.5 nm/7.5 nm) barrier and a 50 nm thick Cu seed layers were deposited onto the trenches. Figure 1 shows a schematic drawing of the trench structure. The reference directions used in this study were denoted as normal direction (ND), transversal direction (TD), and longitudinal direction (LD).
Cu was deposited into the trenches by the DC electroplating process at a current density of 5 mA/cm per liter) suppressor (2 ml per liter) and leveler (3 ml per liter) were added into the plating solution to enhance the filling capability of Cu. The electroplated Cu films were 300 nm thick. After deposition, in order to avoid self-annealing, the samples were immediately annealed at 573 K for 10 min by IR-RTA (infrared-rapid thermal annealing) method. EBSD was used to investigate the microstructures of Cu wires as a function of trench depth. A CMP technique was used to get Cu wires with heights of 200, 100, and 50 nm. The process flow for making Cu wires with different heights is schematically shown in Fig. 2(a) . (4) respectively show Cu wires after removal of 100 and 150 nm depths by CMP. The corresponding cross-sectional SEM images after removal of the overburden layer, 100 and 150 nm depths are shown in Fig. 2(b) ; hereafter, we call them respectively Cu wires with 200, 100, and 50 nm heights. Two samples we prepared for each condition and three EBSD maps were used for the measurement in each sample. EBSD measurements and analyses were carried out with a TEX-SEM Laboratories orientation microscopy (OIM) system attached to a Hitachi 4300 field emission-SEM. The scanning step size set as 30 nm. The time between annealing and EBSD observation was about 35 h.
Results and Discussion

Preprocessing of EBSD data
The nano-scale electrodeposited copper wire is a very important object for EBSD measurements. In this regard, some details of the EBSD data preprocessing procedure are briefly considered in this section.
The acquired EBSD maps included data pixels obtained from the copper wires as well as from the inter-trench space, as exemplified in Fig. 3(a) . For adequate EBSD analysis, therefore, it was necessary to extract the copper data from the global data set. This was done by using the image quality (IQ) index. In EBSD, this index quantifies sharpness of the Kikuchi patterns and therefore it is closely linked with perfection of the crystal structure. The inter-trench space [black areas in Fig. 3(a) ] had an amorphous structure and thus a low IQ index (low diffraction). The distribution of the IQ indexes shown in Fig. 3 (b) was distinctly bimodal with peaks corresponding to the inter-trench space and the copper wire. This provides an opportunity for easy data separation by selection of an appropriate threshold IQ value (<70 in Fig. 3 ). The result for IQ-filtering is illustrated by Figs. 4(a) and 4(b).
After this procedure, however, the EBSD data were still contaminated by sporadic pixels having random crystal orientation. These are typically located at grain boundaries or wire edges. In EBSD, these pixels are usually attributed to overlapping of Kikuchi patterns from neighboring grains or phases. In the considered case, Electrochemistry, 81(4), 246250 (2013) some of these data points might also be surviving pixels belonging to the inter-trench space. To remove them from the EBSD maps, a standard grain dilation option of the TSL software was used. The grain tolerance angle set as 5°. According to this option, all small grains comprising less than 3 pixels were eliminated from the EBSD data set. The finally obtained EBSD map is shown in Fig. 4(c) . Such maps were used in the present study for microstructural analysis. (The described preprocessing procedure was, in fact, performed in the inverse order, i.e. the grain dilation was first and the IQ-filtering was second.) Figure 5 shows the Inverse Pole Figure (IPF) maps of 80 nm Cu wires from the ND with 200, 100, and 50 nm heights. The orientation color key is also shown. It can be seen that the ratio of h111i oriented grains for both Cu wires made with conventional and high purity processes increases with decreasing trench height from 200 to 50 nm. However, the ratio of h111i oriented grains for the latter is higher than that for the former at the 50 nm height.
Grain size and orientation distributions as a function of a trench depth
The grain size calculated by TSL software from the EBSD maps. For electroplated nano-crystalline Cu, 14 a good fit of grain size distribution could be obtained by a lognormal distribution in the form of:
where D is the grain size, ® is the median grain size value, and · is a parameter related to the distribution width. This is a probability density function, the median grain size is such a point where
The results obtained for each IPF map as shown in Fig. 5 are plotted in a lognormal distribution in Fig. 6 . The bars mean the grain size distribution data which from experiment and the line is the lognormal fitting curve. Ratios of grains with diameters less than 45 nm (percentage of Cu grain below 45 nm in all the grains of each map) are also shown. There are no bars below 45 nm shown in the grain size distribution figures, because the TSL software can only calculate the whole numbers of grains from 0 45 nm, and then the ratios of these grains were calculated. These values correspond to the area fraction under the lognormal fitting curves with grain sizes less than 45 nm.
It can be seen in Fig. 6 that the median grain sizes decrease and the ratios of grains below 45 nm increase with decreasing wire heights from 200 to 50 nm for both conventional and high purity processes. However, the median grain sizes and the ratios of Cu grains below 45 nm for the high purity process are much larger and lower than those for the conventional process, respectively. Figure 7 shows the median grain size ® obtained from Fig. 6 for high purity and conventional process Cu wires. For both processes, grain sizes at the 50 nm height are much smaller than those at the 200 and 100 nm heights. This is because the grain growth at the lowest height is restricted by both the bottom and side walls, while at the 200 and 100 nm heights the growth is restricted only by the side walls. Comparing the grain sizes for these two processes, we see the grain size for the high purity process is slightly larger (3%) than that for the conventional process at both 200 and 100 nm heights, and for the former it is about 12% larger than that for the latter at the 50 nm height. The large grain size difference at the 50 nm height of more than 4 times larger than that at 200 and 100 nm heights suggests that the effect of purity of plating materials on grain growth is more significant at the bottom region of the trench than at other positions. Electrochemistry, 81(4), 246250 (2013) 100 nm heights, the ratios of small grains for the high purity process are slightly lower than those for the conventional process, while at the 50 nm height, the ratio of small grains for the former is about 50% lower than that for the latter. These results suggest the high purity process can significantly reduce the ratio of small grains with diameters less than 45 nm, which raise the Cu resistivity remarkably, 9 and that contributes to a uniform grain size distribution in the depth direction of the trenches. The reduction effect is much more remarkable at 50 nm height than that at 200 and 100 nm heights.
The fraction of h111i oriented grains (percentage of h111i oriented grains in all the grains) derived from each EBSD maps in Fig. 5 were arranged as parallel to the ND and TD and summarized in Fig. 9 . In the case of ND, for both processes, the fraction at the 50 nm height is much higher than the fractions at 200 and 100 nm heights. This results implies that bottom up Cu growth was more likely to occur at the 50 nm height than at other heights. For all the heights of the trench, the fractions of h111i oriented grains for the Cu wires fabricated by the high purity process are higher than those for wires fabricated by the conventional process. Namely, the differences of the fractions between these two processes at 200 and 100 nm heights are relatively small; however, at the 50 nm height it becomes more obvious. We consider that the insufficient grain growth at the bottom of the trench leads to the higher h111i fraction at the 50 nm height comparing to the other heights.
The high purity process contributes to getting larger and more uniform grain sizes, and better h111i texture; these results can be explained as follows. The high purity process reduces the segregation of impurities such as O, Cl, and S 15 at the grain boundaries and decreases the ratio of defects which would depress the grain growth and introduce random orientation. Furthermore, our study shows new important result that the influence of the impurities on microstructures is most pronounced at the bottom region of a trench. Impurities preferentially concentrate in this area thus prohibiting a formation of a relatively coarser grain size and promoting better h111i texture.
For further investigation, we compared the h111i textures from the ND and TD. For all heights, the fractions of h111i//TD for the high purity process are slightly higher than those for the conventional process as shown in Fig. 9 . At 200 and 100 nm heights, the fractions of h111i//ND is about 10% and the fractions of h111i//TD is about 70%, however, at the 50 nm height, the fractions of h111i//ND is much higher than that the fractions of h111i//ND, which means the {111} plane aligned with the side wall at the top and middle regions, but aligned with the bottom surface at the bottom region of the trench. For fcc metal films, the orientation with the lowest surface energy is {111} and thus the strong h111i texture typically obtained in fcc metal thin films is attributed to the minimization of energies at the surface and substrate interface. 1618 Thus, the effect in this study may be explained in terms of energy equilibration via alignment of the {111} plane with the substrate surface (either bottom or trench side wall, depending on the heights). Based on the above results, a schematic drawing of these two grain growth mechanisms after annealing is shown in Fig. 10 . We have Electrochemistry, 81(4), 246250 (2013) confirmed that h111i texture has almost the same before and after annealing. 19 Therefore, Cu grain growth from the side walls is more dominant than growth from the bottom of the trench for 200 and 100 nm trench heights, and Cu grain growth from the bottom of the trench is more dominant than growth from the side walls.
Conclusions
We investigated microstructures in the depth direction of Cu wires using EBSD combined with an advanced CMP technique. The microstructures from the top to bottom of the Cu wires formed with the high purity and the conventional plating processes were carefully compared. At the top (200 nm height) and middle (100 nm height) region of the trench, the influence of impurities on microstructures apparent only little; however, at the bottom (50 nm height) regions, the high purity process significantly resulted in larger grain sizes, lower ratio of small grains and better h111i textures.
Furthermore, we clarified that the grain growth in the trench initiated from the side walls, and the growth direction was normal to the side walls at the top and middle regions, while at the bottom region, the grain growth initiated from the bottom, and the growth direction was normal to the trench bottom.
